A scheme for control and read-out of diffracted spins waves to propagating light fields is presented. Diffraction is obtained via sinusoidally varying lights shifts and ideal one-to-one mapping to light is realized using a gradient echo quantum memory. We also show that dynamical control of the diffracted spin waves spatial orders can be implemented to realize a quantum pulse sequencer for temporal modes that have high time-bandwidth products. Full numerical solutions suggest that both co-propagating and couterpropagating light shift geometries can be used, making the proposal applicable to hot and cold atomic vapours as well as solid state systems with two-level atoms.
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PACS numbers:
Macroscopic spin superpositions in atomic ensembles have been studied for decades and have found use in many areas of physics. They are essential for quantum optical information storage and retrieval [1] and for sensitive magnetometry [2] . Spin superpositions containing quantized excitations are prepared either by performing quantum non-demolition measurements on the scattered light [3] [4] [5] [6] , or by directly mapping quantum states of light [7] [8] [9] [10] onto the atoms. Using appropriate schemes furthermore enables the actual shape of a spin wave to be controlled to a high degree. André et al. [11] proposed a scheme to perform Bragg scattering of admixtures of spin and light components with counterpropagating lasers and electromagnetically induced transparency (EIT). Two counterpropagating polariton modes are coupled, enabling light fields to be localised within the medium with far reaching prospects in quantum nonlinear optics [12] and quantum simulations [13, 14] . A signature of polaritonic Bragg diffraction was observed in the fluorescence induced by the stationary light [15] but observing the diffracted modes is currently challenging due to the drastic requirements on the atomic ensemble temperature and the lack of direct read-out procedure. These methods are also not applicable for two-level atom based quantum memories [16, 17] .
An alternative for realising Bragg scattering of spin waves is through the use of a controlled inhomogeneous broadening, and a prominant technique is the gradient echo memory (GEM) [18, 19] . GEM was already shown to allow light storage at the quantum level with two [16] and three atomic levels [20] , to demonstrate efficient pulse re-ordering [21] and spectral manipulation of light pulses that have large time-bandwidth products [22] . Here, we demonstrate that GEM can be used in conjunction with a grating to enable efficient coherent mapping between diffracted modes and propagating light fields. For this, we use a theory that includes all spatial orders in scattering theory and show that one-to-one mapping is possible even in a room temperature vapour cell, beyond the secular approximation [23] . Last, we show that for specific durations of the grating imprint, the coupling of the spin wave to the output field is efficiently canceled and that diffraction can actually be temporally reversed by displacing the grating nodes. These two effects together realize a two-level atom coherent pulse sequencer for light pulses that have large time-bandwidth products.
To perform longitudinal diffraction of a spin wave one creates a spin wave with longitudinal momentum spread ∆k by writing a weak laser field excitation in an optically dense atomic ensemble. Using GEM, an effective twoarXiv:1501.01194v1 [quant-ph] 6 Jan 2015 level atomic ensemble is first subjected to a controlled linearly varying gradient η(t)z as depicted in Figure 1 . After an input pulse with temporal width ∆t enters the medium, polaritonic modes with increasing momentum k over time are created. When the gradient is turned off, polaritons remain trapped in the ensemble with a longitudinal momentum extension ∆k = η∆t. Here, we suppose that the effective two-level atoms form a quasi one-dimensional ensemble along a direction z. The corresponding operators are σ j 12 (z, t 0 ), where |1 and |2 are the two atomic states and j labels atoms within a slice with length δz. The locally averaged coherence operators read σ 12 (z, t 0 ) = 1 Nz Nz j=1 σ j 12 (z, t 0 ), where N z is the number of atoms in a volume given by the cross section area of the interacting light field over a slice δz. We now suppose that the atomic superpositions do not dephase over the course of the experiment. In particular, this means that we can ignore the Langevin operators and treat the operators σ 12 as c-numbers.
To realize diffraction of the spin wave, a pair of intense pulses with an angle difference θ, with a Rabi frequency Ω and detuning ∆ from the two-level atomic transition are then applied to the atomic sample prepared in a spin superposition. If the detuning is larger than the decay rate from the excited state, the atoms will thus interact with a standing wave that produces a sinusoidally varying light shift δ(z, t) = ν(t) cos(k R z) on the atomic coherences, where ν(t) = Ω(t) 2 /∆. k R is related to the angle between the two lasers that generate the optical grating and must be greater than ∆k [32] . In rescaled time and space units (normalized by l = c/g 0 and 1/g 0 respectively where g 0 is the vacuum Rabi frequency in the light mode and c the vacuum speed of light), the Maxwell-Bloch equations read:
with η = ηl/g 0 , ν = ν/g 0 and N is the atomic density. Transforming these equations into the spatial Fourier domain, one gets an evolution equation for the spin wave inside the sample [24]
where Ψ = kE + N σ 12 . In this picture, absorption or emission of light occurs when the polariton reaches k = 0, i.e. when the phase matching condition is met. Let us now consider the time-of-flight-like sequence depicted in Fig. 1-b) . i) A pulse of light is sent to the sample at t in = 1.5 with a positive gradient slope and with ν = 0. ii) The gradient is turned off and the grating turned on at a time t 0 = 15. Assuming that the optical field is fully transfered to the atoms, applying the grating to the atoms for a time τ yields the following polariton evolution
where L is the sample length and J n is the n-th order Bessel function of the first kind. We thus expect the initial wave to be splitted into multiple spatial orders with a weight given by the Bessel functions. iii) The grating is finally turned off at a time t = 20 and the gradient is turned on with a negative slope to complete the gradient echo protocol. The result of numerical simulations is displayed on the right panel of Figure 1-c) , showing the evolution of |Ψ(k, t)| 2 as a function of rescaled space and time. For the grating parameters, we choose
5 which, with g 0 = 3 kHz, corresponds to a grating step of 16 mm. We also use η = 7.10 6 and an optical depth 2πN 2 /η = 5.4. Numerical simulations show that in the mapping phase the polariton evolves to higher k until the gradient is turned off. When the grating is turned on Bragg diffraction is clearly observed. The zeroth order mode is depleted and higher order modes are populated as a function of time, as expected from Eq. (3). The light-shift δ(z, t) thus leads to an evolution of the collective spin wave that is analogous to the Kapitza-Dirac diffraction [25] .
At t = 20 the grating is turned off and the gradient turned on. As expected, the light field is reemitted at k = 0. One specific feature of GEM here is that, as is manifest in Fig. 1-c) , the energy of the spin wave modes is released from the memory at times T = T 0 + nk R /η, where n denotes the mode order and T 0 the time at which the zeroth order mode comes out. The polariton spatial modes are here in the positive range before switching so they are all released from the memory with a period T = k R /η = 2.2. In typical diffraction grating experiments with light, electrons [25] , degenerate atomic gases [26, 27] or molecules [28] , the field onto which a periodic phase profile is imprinted is let free to expand in twodimensions to realize the equivalent of a Fourier transformation. This operation maps the local phase onto a transverse profile that displays the discrete set of spatial modes. We demonstrated here that GEM exactly realizes such a Fourier transform but in the time domain, allowing efficient read-out of the diffracted longitudinal modes in this time-of-flight like sequence.
We now turn to the demonstration of a quantum pulse sequencer. At this point, we shall distinguish two operating regimes for diffraction read-out: the regime I where n k R > k 0 = η(t 0 − t in ) and regime II where n k R < η(t 0 − t in ), where n = ντ is the number of populated modes for a grating duration τ . In regime I, n spatial modes exactly occupy both the positive and negative k-values. In regime II, n spatial modes only occupy the positive k-space, as per Figure 1-b) .
Simulations are now realised with the sequence shown in the inset Figure 2 simply increasing the grating momentum by a factor of 3.3 and reducing the gradient by the same factor. Figure 2-a) shows the retrieval efficiency of the zeroth order mode as a function of grating duration in a time window t = 18 ± 3. As the duration of the interaction with the grating is increased, the zeroth order mode gets depleted leading to a drop in retrieval efficiency. This is because the polariton keeps the energy in higher order spatial modes that remain trapped in the atomic ensemble. The first positive spatial mode will only be phase matched to the optical field a time k R /η after the zeroth order mode is emitted. The energy of the zeroth order mode released from the memory follows the zeroth order Bessel function, meaning that the energy is coherently sloshing back and forth between stationary spatial modes inside the ensemble before being output, a signature of the wave nature of the spin coherences. Remarkably, all the energy remains trapped inside the sample at a time τ s =2.4 corresponding to the first node of the zeroth order Bessel function. As we will show, this offers a new useful degree of freedom for sequencing light pulses. Another important ingredient for pulse reordering is refocussing of the spatial modes. The presented diffraction originates from a superposition of the electron dipole amplitudes of stationary atoms. It is therefore in principle reversible provided they stay in a pure state throughout the coupling to the grating. Spatial mode refocussing can be achieved quite simply using a spin-echo like protocol, as shown figure 2-b) : following diffraction, the phase of one of the arms of the grating is shifted by π at a time t s = 11 to exactly cancel the phase acquired by each coherence. This can readily be done experimentally using acousto-optic modulators. As shown Fig. 2-b) (right panel) the atomic coherence evolution indeed refocusses so that the zeroth order spatial mode is recovered with unit efficiency, demonstrating the reversibility of the diffraction process.
The effects presented Fig 2 can also be observed using other memory protocols. For instance with homogeneous three-level Λ atomic memory schemes such as EIT [29] or Raman coupling [30] , the grating can be turned on when the control fields are off, that is when the optical field is transferred to the atomic coherences. The GEM conveyor belt in k-space is however essential for diffraction imaging. Furthermore, the last two properties of the presented spin wave diffraction have direct implications for precision manipulation of optical pulses and single photons using GEM. It was already shown that GEM enables efficient storage of pulses that have large time-bandwidth products without the requirement for high optical depths [24] . Using a Raman transition and a time dependent coupling to the ground state, pulse re-ordering was also demonstrated [21] . For instance, input pulses were shown to come out first-in-first-out (FIFO) by turning off the coupling to the ground state at the first k = 0 crossing and by switching the gradient twice using a Λ-GEM. Extending these effects to two-level atomic memories is important as it would enlarge the range of material systems where random access memories can be implemented. A combination of diffraction intensity and refocussing control in the regime I actually provides the ingredients to do so very efficiently as we now show.
The idea is shown Fig. 3-a) . Three pulses are input to the GEM memory. At t = 10, one turns on a grating on for a time τ s such that the zeroth order mode is completely depleted, that is at the first node of the zeroth order Bessel function. The gradient is then reversed. Since the zeroth order mode is depleted, when the k = 0 condition is reached, there is no emission of light and all the pulse energy is mapped onto higher order spatial modes. One can however retrieve this energy back into the zeroth order mode by turning off the gradient, applying the grating again during a time τ s but with one arm of the grating shifted by π. The key point is that, during the refocussing, the first order modes do not cross k = 0. Turning the gradient on again therefore realizes a similar FIFO read-out as in the Λ-GEM: the pulses come out without time-reversal but now using only two-level atoms and this purely dispersive diffraction control.
One can even re-arrange the order of pulses. For instance, one can make a sequence of pulses 1-2-3 come out in an order 3-1-2 using a similar combination of diffrac- tion and refocussing techniques. This is demonstrated Fig. 3-b) . First, the third pulse is left to come out after a standard GEM sequence. Then, the FIFO sequence is implemented to reorder the pulses 1 and 2. The gradient combined with sinusoidal shifts is therefore useful for engineering quantum memories and specifically to control pulses of light in atomic ensembles that lack a Λ scheme. Let us now discuss how the above mentioned effects can be demonstrated using current technologies. Cold gases of alkali atoms can be used to store light efficiently using GEM [20] but due to the short lifetime of their excited states, one shall use the Λ-GEM [24] . The phase grating can then be induced by a pair of circularly polarized lasers tuned to the transition used to Raman couple in order to induce a differential light shift to the ground states. With cold atoms as a medium however, the temperature should be low enough so that atomic motion does not wash out the higher order modes of the spin wave. This is especially important when one uses counter-propagating fields where the grating spacing will be on the order of hundred's of nanometers. We indeed find that assuming a grating step of 400 nm and a storage time of 0.1 ms, atomic temperatures of less than 1 µK are required for the atoms to feel the valleys of the standing wave and thus for the atomic coherences to be diffracted, favouring quasi-copropagating geometries where magneto-optical traps or even warm vapours can be used. Conversely, provided the light grating does not influence atomic motion, this diffraction effect can be used as a very sensitive quantum thermometer for ultracold atoms. The narrow two-level atomic transitions in rare earth doped crystals [16] are also ideal for the effect to be observed experimentally. The sinusoidal detuning can be realized simply by using a light shift applied directly close to the optical transition and the Mőssbauer effect prevents the standing wave to induce atomic motion. The light fields should only be tuned so that stimulated and spontaneous emission are negligible. Finally, being able to control the two-level atom coupling to a given mode in rare earth doped materials can be useful for turning delay lines into memories without the noise induced by π-pulses [17, 31] thus widening the range of materials available for quantum memory applications.
In conclusion, we present a mechanism akin to diffraction of optical fields or electron motion, where coherent superpositions of spins are diffracted and efficiently read-out. Applying far-detuned laser pulses along an array of atomic spin coherences is shown to generate an atomic diffraction pattern in momentum space that can be rephased, engineered to control the coupling to light and detected via a gradient echo mapping to optical fields. Besides the proposed coherent pulse sequencer for two-level atom memories, the very high sensitivity of diffraction to atomic temperature has implications for tunable and non-invasive cold atom thermometry.
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